A theory is developed to account for the topographic influence on earth tidal strains. Several possible models are considered for the local topography in which the region is assumed to be constructed of uniform, isotropic material only. Using two-dimensional structures, numerical values for the topographic effect are compared for both mechanical modelling and finite element solutions. When the theory is extended in order to analyse a simple three-dimensional structure that has invariant cross section in one horizontal direction the topography is shown to significantly affect not only the magnitude, but also the relative spectral content of tidal strain amplitudes, both of which can be altered by a factor of three or more from the expected smooth topography value. The topographic structure studied is that of the Hillgrove Gorge (Cooney Observatory) on the central east coast of Australia.
Introduction
Due to the tidal potential associated with the gravitational fields of both the Sun and the Moon, a strain tensor, ei,, is set up at any point within the Earth. The theoretical value of this tidal strain tensor at the surface of the Earth can be obtained if values are assumed for the Love numbers 1 and h.
Since the dimensions of the element of the Earth enclosing the observational point is small with respect to the total earth dimensions, then simple cartesian geometry is used in which east, north and the vertical are given by the positive x, y and z directions respectively. Under such conditions, the radial (r), co-latitudinal (0) and longitudinal (A) components of the tidal stress tensor are respectively given by E,, = E,,, E,, = Eyy and E,, = Exx; furthermore, since 0 is measured positive towards the south, The Cooney instruments are not located at the surface of the Earth but installed at a depth of 100 m. Major er al. (1964) show that tidal strains observed at this approximate depth below the surface of a half space do not differ significantly (less than 0.1 per cent) from those observed at the surface. It is thus reasonable to assume that the volume element containing the gorge and nearby regions is at the free surface of the Earth. This assumption requires that the vertical tidal stress, E,,, is zero in gorge free regions. 
The topographic model
The initial model chosen for Hillgrove Gorge was that of a north-south striking gorge considered to consist of uniform, isotropic material only, and having an eastwest cross-section as shown in Fig. 1 . This is only a representative cross-section for the measurement region but should suffice as a first approximation to the real situation.
Initially, the solution for the topographic effect is to obtain the strain distribution in the plane (x-z) of a two-dimensional mechanical model (with cross-section shown in Fig. 1) for the application of a stress Ex= only, in gorge free regions. This model essentially provides a two-dimensional plane stress solution since there are no ydirection stresses constraining the sides of the model. In fact the real Earth exhibits time dependent stress tensor components related to both the east-west (x) and northsouth (y) directions, due to the tidal potential. A three-dimensional plane stress solution then requires that the tidal stress component Eyy be uniform throughout the entire gorge; obviously there will be some distribution of the x-direction stresses in the gorge region.
Several points should be emphasized at this stage. Firstly, if the gorge were absent from the small volume element of the Earth considered, then it is assumed that the stresses Ex, and Eyy are, at any given time, uniform in the x and y directions, respectively, throughout the entire element. Secondly, the assumption of uniform stress in they direction throughout the gorge does not imply uniform strains in such a direction; on the contrary, a non-uniform distribution of y-direction strains is, in general, required to maintain the plane stress condition.
For any site such as B, shown in Fig. 1 , the three-dimensional topographical effect on expected strains is equivalent to superimposing the strains due to both stresses E, and Eyy acting simultaneously on the north-south striking gorge of indicated crosssection. Such stress fields and their superposition are considered now.
For a stress E,, applied in gorge free regions, the effect of the gorge at the site B, (in the absence of a stress component Eyy) is then to cause a fixed rotation, through an angle of v, of the principal directions of strain in the x-z plane as illustrated in Fig. 1 . This is a consequence of the requirement that at the sloping surface of the gorge one principal direction must be normal to such a surface. For a uniform, isotropic body the principal directions of strain are coincident with the principal directions of stress.
When both stress components Ex, and E,.,, act simultaneously, the directions defined by the angle Y become, in general, only secondary principal directions of stress-strain for the x-z plane; i.e. the fixed angle v (for a particular site within the gorge) gives the direction of the maximum and minimum strains in the x -z plane.
(a) Notation adopted If e,, is a general strain existing in gorge free regions then 'e,, represents a site strain referred to the same co-ordinate axes as e,,, and se'i, represents a site strain referred to the secondary principal axes of strain-stress. The same notation is also adopted for the stresses, E , and site stresses 'Eft Furthermore, for gorge free regions the stress field perpendicular to the gorge strike is given by F,, (Fyy and F,, both zero) and produces strains f,,, and the stress field parallel to the gorge strike is given by G,,,, (Gxx and G,, both zero) and produces strains g,,. The total stress field is given by E , (= F,,+ G,,).
(b) Generalized stress-strain relationship
If E , (e,,) is the stress (strain) tensor component in thej direction acting across the plane with unit normal in the i direction, then the general stress-strain relation is given by (see for example, Sokolnikoff 1956) E,, = A A 6 , + 2 p f ,
where A and p are the Lam6 elastic constants, 6, the Kronecker delta, and the dilation, A, is equal to exx+ e,.,, + e,, when referred to x, y and z axes. If Q is Poisson's ratio, then 
where ei, is the strain tensor component referred to the original axes a, fi; and 1 , is the cosine of the angle between the i' and j axes respectively. The physical interpretation of (6) to (9) is simply that if a stress, G,.,., (parallel to the gorge strike) alone acted, then the whole of the Hillgrove Gorge block would change size in the x-z plane by straining equally in all directions at all points in the plane. The strain distribution, in the x-z plane, due to the application of the stress Exx( = Fxx) acting alone is given by the results of the strained two-dimensional model.
That is, this model yields the strains Ti, and "f',, as a function of the strainsh,.
Site constants b and c, which are strain ratios to be determined from the strained model, are defined such that and " I , = c y z , (10) fxx = by',.
( 1 1) Since "F',,,, and Fy,, are both zero, then (1) and (10) ( f ) Total strains A relationship connecting the two stress fields is now determined, which, in turn, allows their superposition to be carried out in order to obtain the total strains.
Tidal potential theory can be used to calculate the strain tensor (and hence the stress tensor) for a gorge free region at the Hillgrove location on earth. Thus the time dependent stress ratio, K, can be calculated, where Since E,, = 0, (1) and (13) yield gyy = Kfxx which is the required relationship connecting the two strain fields. The superposition theorem can now be applied to obtain the total strains along the secondary principal directions at the measurement site of interest. These total strains are therefore (15) Similarly (16) and "e',, = f,(l/bc-alc).
'e'xx = " f ' ,+"g', "e'xx = fxx( I/b -KO).
Since the site constants b and c are a function of location within the gorge, the physical interpretation of (16) illustrates the point that under the plane stress model assumed, the y-direction strain must depend upon the site location (in x -z plane). The strain sg',,y arising from an application of GIy is certainly uniform throughout the gorge, but the strain y',,,, due to the stress Fxx is not. Hence the total strain in the y-direction must be dependent upon location.
The superposition principle is also used to determine the total strains in the gorge free regions, therefore (18)
e, , = -a.,(l +K). If sif are the site strains along the east-west, north-south and vertical directions, then (3) and (1 5) to (20) yield
Thus (S) = (H) x (E), where (H) contains the coefficients for the topographic correction. For the plane stress model assumed, the measured strains (S) at the site are then related to the gorge free strains (E).
Useful checks on the theory developed so far are provided by the following points. Firstly, if the gorge were not present then v would be zero and (10) to the unit matrix independent of the value of the time dependent ratio K.
Secondly, the stresses in the y-direction should be independent of the presence of the gorge. (l), (2) and (15) to (20) yield
Hence those stresses are independent of the gorge site parameters b, c and v.
For a position on the sloping face of the gorge in the region where the slope angle is 45", an interesting conclusion can be drawn. The angle v is then 45", since one principal direction is always normal to the free surface. Under these conditions it can be determined from the matrix (H) that s , , = s , , i.e. the vertical and east-west strains are equal in phase and magnitude. Obviously strain meters would not be placed at such surface points because of the noise problems which are eliminated on deep burial.
It is worthwhile noting that (21) contains no shear strain terms. This is expected since the theory only analyses longitudinal (normal) strains along the x, y and z axes and hence the shear strains associated with these directions, though they exist, become irrelevant.
FIO. 2. Mechanical model strain distribution.

D. B W (g) The strain distribution model
A mechanical model experiment was conducted in order to obtain values of the site constants b, c and v. The appropriate cross-section was cut out from a piece of hot rolled steel plate of thickness 0.318cm (1/8") with length 1-22m and width 0.41 m. Small, triaxial Kyowa resistive strain gauges were attached to the model at various positions (indicated in Fig. 5) .
It is assumed that each gauge array (triaxial) approximates to a point location within the gorge, which is reasonable in the present situation since individual members of each array are only 2 mm in length and are overlaid. Since each triaxial gauge array measures the strain in three different directions (x, z, and +45" to x) then the entire strain conditions in the plane at a gauge location can be determined. This enables a determination of the site constants b, c and v. The detailed experimental procedure used to obtain the two-dimensional strain distribution is given by Blair (1975) . Fig. 2 shows the x-direction strain distribution throughout the gorge region of interest. Strains are normalized to unit strain in gorge free regions, which, in turn, is determined by the outputs from boundary strain meters attached to the model in such regions. The results of Fig. 2 indicate that it is quite obvious that the gorge will have a significant effect upon measured strains. The Upper Cooney is located at region 10 and the Lower Cooney at region 11 (indicated in Fig. 5 ). For the Upper Cooney, the site constants were determined to be v = 20-45", b = 0.74 and c = -3.43;
for the Lower Cooney these constants were determined to be 11-64", 0.64 and -3-60 respectively.
The tidal strain tensor
The topographic matrix, (H), can be evaluated if the time dependent parameter K, is known, where K is the ratio of the tidal stresses acting within the earth in gorge free regions and is defined by (13). The literature is replete with the classical theory of Love which is used to determine the tidal strain tensor (and hence the stress tensor) due (26) give the only non-zero elements of the tidal strain tensor at the surface of a uniform, isotropic earth.
The value of the shear component, eel, differs by a factor of 1/2 from the definition of shear used by Love (1926) . This factor is inserted in order that the set of quantities invclved may transform according to the tensor laws of Sokolnikoff (1956), which are used throughout this work.
At the free surface of a uniform, isotropic Earth, one principal strain direction is always normal to the horizontal plane. If the other two principal strain directions, which lie in the horizontal plane, make angles of $ and $ + 90" to the east-west direction then (3) yields It should be noted that the three principal directions of strain must be mutually perpendicular. Furthermore, it can be seen from the preceding equations that I ) is independent of the Love numbers I and h.
(a) Diagrammatic representation
The visualization of the strain tensor may be enhanced by referring to the strain quadric of Cauchy (Sokolnikoff 1956 ). The intersection of the principal planes with the quadric surface gives three principal ellipses when the signs of the principal strains are all equal, or one ellipse and two hyperbolas when the signs of those strains are different. The length of the axes of the ellipses or hyperbolas is inversely proportional to the square root of the absolute values of the principal strains.
Since a/(a-1) is a negative constant, it can be seen from (26) that, at the surface (assumed smooth) of the Earth, it is impossible to have non-zero strains err, eee and eAA all possessing the same sign. Considering both em and eAA to be positive, Fig. 3(a) shows a diagrammatic representation of the tidal strain tensor for the case when the shear strain eeA vanishes. This shear strain will vanish at the times of day for which east-west (x), north-south (y), and vertical (z), are the principal directions of tidal strain. With reference to Fig. 3(a) the length of the principal axes are then given by:
[a/(a-1)1 (eee+eAJ1-'/'; OB = leAAl'"' and oc = Ie~~I-"'.
A non-principal plane, which passes through the centre and cuts the quadric, is now considered. The intersection will still be either an ellipse or a hyperbola with stationary values of normal strains at the axes. These values, which correspond to the maximum and minimum strains on that plane, are called secondary principal strains and are illustrated in Fig. 3(b) . Only when the intersecting plane coincides with one of the principal planes are these strains the actual principal strains at the point. An identical pictorial treatment for a general stress quadric is given in Durelli & Riley (1965) .
However, in general, the shear strain eeA, is not zero, and under these conditions x and y are not the principal strain directions in the principal (x-y) plane. The principal directions are, in fact, defined by the angle $. Both $ and the strain magnitudes are a function of the time of day. The strain quadric surface is thus continually changing in a manner such that one principal direction (given by OA) remains directed vertically, while the other principal directions (given by OB and OC) totate in the horizontal plane only. Furthermore, the lengths of the axes OA, OB and OC are continually changing with time together with the sign of the strains, and hence the shape of the quadric is time dependent.
(b) Eflect of the gorge on the tidal strain tensor
The strain quadric surface at the gorge site is now analysed for the times of day when the shear, eeA, vanishes; this occurs when Ex,, Ell and E,, (zero) are the principal stresses due to the tidal potential. The effect of the gorge is then to rotate the quadric in the x -z plane only, through an angle of v (defined previously) as illustrated in Fig. 3(d) . Under these conditions x', y' (y) and z ' become the principal strain directions. The x -y plane becomes a non-principal plane in which the x direction is a secondary principal direction of strain. In the present situation, although the gorge free shear strains ex,,, ex. and e,,: all vanish, the site shear strains sxr, s, , and sy, are all, in general, non-zero. However it should be noted that the shear strains referred to the principal directions, x', y' and z ' , all vanish by definition.
For the times of day that the gorge free shear strain, eel, does not vanish, the strain quadric surface at the gorge site takes on a complicated time dependent form in which the x' and z ' axes always remain those of secondary principal strain for the x-z plane.
Hence the site shear s' , , is always zero. Furthermore, the principal strain directions at the site will generally have some non-zero orientation with respect to the x, y and z system of axes.
It should be emphasised at this point, that the present theory cannot generally yield the magnitudes or directions of the principal strains at the gorge site. Thus the complete tidal strain tensor at the site cannot be obtained; however, the theory can be used to study the effects of the gorge on the strains in the vertical direction and those perpendicular and parallel to the gorge strike. 
Theoretical results
Equations (23)- (26) can be used to obtain the gorge free, tidal strain tensor. If a value is assumed for both the Lam6 elastic constants (I, p) then (1) enables a determination of the associated stress tensor. The time dependent stress ratio, K, can then be determined according to (13) . The value of ic so obtained is then inserted into (21) together with the solutions for by c and Y obtained from the two-dimensional model. The normal strains in the east-west, north-south and vertical directions at the gorge site can then be determined as a function of the respective gorge free strains.
Assuming the following values of the Love numbers h = 0.490, and I = 0.088, theoretical strains, in the x-direction, as a function of time for various gorge locations were obtained and are shown in Fig. 4 . Fig. 4(a) shows the gorge free strain; Fig. 4(b) shows the strain at a region some 70 m vertically above the Upper Cooney; Fig. 4(c) that at the Upper Cooney; Fig. 4(d) that at the Lower Cooney, and Fig. 4(e) shows the strain in a region some 45 m vertically below the gorge floor. With reference to Fig. 5 the gorge site regions are given by locations 9, 10, 11 and 1 respectively.
The strain in the Lower Cooney is signiiicantly larger than that of the Upper Cooney. This is in agreement with the experimental results of Peters & Sydenham (1974) . For the Lower Cooney they obtained unexpectedly larger strains than those of the Upper Cooney for strains measured perpendicular to the strike of the gorge, even though the instruments in both tunnels were placed along the tunnel axis and removed from the tunnel ends, thus avoiding the cavity effects (Harrison 1974) .
A Fourier analysis of the two obviously different strain plots depicted in Fig. 4 (b) and 4(e), yielded that the ratio of the second-harmonic to the fundamental in the former was about three times less than that in the latter (see Fig. 7 for the results from a modified plane strain model). Thus the topography affects not only the strain ampli-D. Blair tude at any given time, but also the ratio of the diurnal component to the semidiurnal component of strain. The possibility -that measurement site inhomogeneities could affect the ratio of diurnal to semidiurnal strain tides was previously raised by King & Bilham (1973) in an analysis of their experimental data. According to the present theory, the dependence of this ratio upon the topography, in particular, may explain the anomalous results of Bilham, King & McKenzie (1974) , who found a variation of the ratio of the semi-diurnal strain tide to diurnal strain tide along the length of the Queensbury Tunnel (UK) which is situated beneath a long hill. Since the slopes of the hill were not extremely large, they discounted the possibility of topographical influence on measured strains. However, Harrison (1974) shows that slopes as small as 6" can cause a significant topographical effect on the measured strain amplitudes.
Plane stress and plane strain models
So far the theory has assumed plane stress conditions, i.e. the basic assumption of the two-dimensional model is that the stress in the y-direction is zero. Under such conditions the non-uniform stress distribution in the x-z plane in gorge site regions gives rise to a non-uniform distribution in the ydirection strains which are given by the centre term in the topographic matrix of (21). This non-uniformity of strains violates the assumption of invariant topographic cross-section in the y-direction. Hence the plane stress model is only strictly valid for a thin plate that is cut with the gorge cross-section, i.e. where the gorge length is a lot smaller than the dimensions of the cross-section, as is the case with the mechanical model discussed previously.
In the case of a long gorge of constant cross-section, the assumptions of uniformity in the y-direction thus demand that there be zero or uniform particle motion perpendicular to the cross-section. The problem is then one of plane strain. Thus a plane strain model is postulated wherein the strain in tbe ydirection is constrained to be zero throughout the two-dimensional gorge cross-section. Of course the real Earth does exhibit a strain in the ydirection and thus, in the three-dimensional theory, a modified form of plane strain conditions is achieved by assuming that the y-direction strain is uniform and independent of the presence of the gorge. In contrast to the plane stress model, the plane strain (modified) model requires that there now be a non-uniform distribution of y-direction stresses throughout the gorge.
Hence a model is proposed (from which the site constants by c and v will eventually be determined) wherein the y-direction strain is not zero but constant, throughout the gorge, and equal to the y-direction strain that exists in gorge-free regions.
Employing the superposition principle in a manner similar to that for the plane stress model, the topographic matrix then becomes, for the modified plane strain model
It should be noted that the strain sf ' , , , , due to the stress F,, is now uniform (and equals -ofxx) throughout the entire cross-section in order to fulfil the requirement of uniformity of total strains normal to the cross-section. 
Thus the stress in the y-direction is not uniform since the site constants b and c are involved in the expression. A comparison of (29) with (22) pretation that the inequality Afxx[a-1 + (c+ l)/bc] is the non-uniform part of the y-direction stress distribution required to maintain the plane strain condition. Naturally, if the gorge were not present (then b = 1, c = -l/a) the inequality becomes zero, and furthermore, the matrix (H), derived for the plane strain case, reduces to the unit matrix.
(a) Two-dimensional finite element solutions It is impractical to conduct a plane strain mechanical model experiment, due to the problem of precisely constraining the sides of such (normal to the y-direction) and measuring the strain distribution throughout; obviously strain meters could not be attached to the constrained sides.
However, a solution of the plane strain case is possible using the theoretical method of finite elements. The author is indebted to J. C. Harrison (University of Colorado) who supplied the results from such a method analysing the relevant cross-section for both cases of plane stress and plane strain.
The stress output from the finite element computer run, as well as (1) is used to obtain the strain distribution for either the plane stress or plane strain models. Thus the relevant site constants b, c and v may be determined, the angle v, only, being independent of the type of model chosen. normalized strain distribution was evaluated for the plane stress model and found to be within 4 per cent of the values for the plane strain case. Table 1 shows the site constants obtained for the Upper Cooney region using the various models discussed.
The normalized strain distribution obtained for the mechanical model is similar in form to that obtained for the finite element solution. The difference in the actual strain magnitude is due to the fact that the elastic constants of the steel model were different to those assumed in the finite element method (Blair 1975) .
If new site constants bo and co are redefined as "f,, = co Y,,, and f x x = bo "f,, (in contrast to (10) and (11)) then it can be readily shown that for the modified plane strain model
If A is the value of the strain contour (such as that indicated in Fig. 6 ) then bo = 1/A. Thus the strains in the x-direction have A as the only variable dependent upon location in the gorge.
However, it is more convenient to show the dependence of the topographic matrix (H), on v since, though lengthier, it aids in the visual interpretation of the gorge effects using the Cauchy strain quadric. Furthermore, the modification of (H) is obvious when certain values of v are substituted (i.e. v = 45"). Fig. 7 shows the phase and amplitude spectra of the strain at various locations within the gorge. Fig. 7(a) shows the theoretical xdirection strain spectra for a gorge free location; Fig. 7(b) that along the 0.75 contour line and Fig. 7 (c) that at the 2-6contour value. In each case a theoretical strain curve for a period of 6 weeks was generated, and analysed using the Fast Fourier Algorithm (Cooley & Tukey 1965) coded by N. Brenner of M.I.T. Lincoln Laboratories. The amplitude spectra were normalized to a constant diurnal amplitude (i.e. the amplitude scale is different for each plot) in order to illustrate the point that the topography does alter the relative amplitudes of the spectral components of tidal strain.
Conclusions
The present theory, verified by experiment, has shown that the topography can significantly affect the spectral nature of tidal strains. This theory can be applied to any general topographic structure providing that the reduction to a representative twodimensional cross-section is a reasonable approximation to the physical topography. Harrison (1974) has shown that the topography also has a significant effect on the tidal tilt. Researchers in the field of tidal strain have ignored the topographical influence (and, in most cases, the cavity influence) yet still intercompared Love numbers derived Harrison (1974) and the present investigation give the numerical assessment of the major strain perturbations which are the ocean loading, cavity and topographic effects. However, the local rock inhomogeneity and structure, too, will affect the local strain, and it is in this area that future research should be applied.
It is only when an assessment of all such strain perturbation effects has been carried out that a meaningful comparison can be made between tidal strains (and tilts) recorded at different locations on earth.
